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Abstract 
Andersson, B. 2007. Sexual reproduction in Phytophthora infestans – 
epidemiological consequences. Doctoral thesis. 
ISSN 1652-6880, ISBN 978-91-576-7376-3 
 
Potato late blight, caused by the oomycete Phytophthora infestans, is one of the 
most devastating plant diseases worldwide. It is becoming increasingly difficult to 
control the disease in Sweden, leading to an ever more intensified use of 
fungicides in the potato production. This unsustainable development could be 
caused by changes in the pathogen due to the introduction of sexual reproduction. 
These changes could result in an enhanced capability of the pathogen to adapt to 
different factors, e. g. weather, cultivar resistance, chemical control or other 
cultivation measures. This might manifest itself in earlier infections and a late 
blight that spreads faster in the potato fields requiring increasing efforts to control. 
Different approaches were taken to clarify the role of sexual reproduction in P. 
infestans  in the epidemiology of potato late blight. The formation of sexually 
formed oospores and their ability to serve as primary inoculum was studied, both 
as field observations and by determining within-field genotypic diversity. To 
further estimate the importance of reproduction on a large spatial scale a 
population study based on molecular and phenotypic markers was performed on P. 
infestans isolates from the whole Nordic region. The variation in the 
aggressiveness of Nordic populations of P. infestans was studied by determining 
different components of aggressiveness, e.g. sporulation capacity, lesion growth 
and infection efficacy. The aggressiveness study was combined with an analysis of 
the phenotypic structure of the Nordic population of P. infestans. 
The results clearly indicate that the Swedish populations of P. infestans are 
influenced by sexual reproduction. The facts that both mating types are found all 
over the country in near 1:1 proportions and that oospores are commonly formed 
in field crops and serve as inoculum under field conditions support this. Studies of 
the genetic diversity also indicate that sexual reproduction has an effect on the 
population structure of P. infestans in Sweden and the Nordic region as a whole.  
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Description of the thesis 
The overall aim of this thesis is to study how the possibility of sexual reproduction 
in Phytophthora infestans (Mont.) de Bary has affected the epidemiology of potato 
late blight. The work was done in the context of improving the understanding of 
the reasons behind the increasing problems to control the disease in Swedish 
potato production.  
 
The thesis includes a historical background describing the appearance of potato 
late blight in Europe and Sweden and the ensuing debate on the cause of the 
disease. Changes in P. infestans due to the introduction of sexual reproduction are 
discussed by comparing the “old” and the “new” late blight situation. The basis of 
the thesis is the work done in Sweden and the Nordic countries concerning 
different aspects of sexual reproduction in P. infestans. Both direct consequences 
in the form of a new inoculum source (oospores) and the more long term effect of 
sexual recombination and increased genetic variation is studied in the five papers 
included. 
 
Different approaches were used to evaluate the impact of sexual reproduction in P. 
infestans. The importance of oospores as an inoculum source of P. infestans was 
studied by mapping potato late blight occurrence in relation to infections in a 
previous potato crop (Paper I) and by determining the within-field genotypic 
distribution (Paper II). The possible effect of sexual reproduction on the 
population structure of Nordic isolates of P. infestans was investigated using 
phenotypic and genotypic (AFLP) markers (Paper III).  The variation in the 
aggressiveness of Nordic isolates of P. infestans (Paper IV) and the phenotypic 
makeup of Nordic populations of P. infestans was studied (Paper V). 
 
 
Introduction 
The biology of Phytophthora infestans 
Potato late blight is one of the most devastating plant diseases worldwide.  It is 
caused by Phytophthora infestans, a plant pathogen that infects members of the 
Solanaceae family and is economically significant on potato and tomato. Late 
blight is considered by most researchers as a fungal disease, but the Phytophthora 
genus is not related to true fungi. It belongs to the oomycetes of the kingdom 
Straminopila that includes for example golden and brown algae. The oomycetes 
are characterized by their capability of releasing heterokont asexual zoospores 
formed in sporangia. The cell walls of oomycetes contain cellulose unlike the true 
fungi which contain chitin. Oomycetes are diploid for the major part of their life 
cycle, and sexual reproduction occurs by the development of oospores that result 
from the joining of oogonia and antheridia. The oomycetes are a very varied group 
of microorganisms that include saprophytes as well as pathogens of most classes 
of organisms ranging from vertebrates and plants to other oomycetes.    10
During the epidemic phase P. infestans is spread by airborne sporangia which are 
formed on infected plants. Under conditions with moderate temperature (~20°C) 
and high air humidity (>90% RH) massive numbers of sporangia can be formed in 
an infected crop. The sporangia are usually released in the mornings when the 
rising temperature causes a sharp decrease in the air humidity. The sporangia are 
then spread by air movements. When they are deposited on a susceptible host plant 
they will, under moist conditions (free water on the leaf surface), infect. The 
infection can take place either by direct infection by the sporangium itself or by 
indirect infection via the release of 5 to 10 motile zoospore per sporangium, each 
which in turn can infect the host plant. The breaking point between direct and 
indirect germination appears to be around 15°C, (Harrison, 1992; Judelson & 
Blanco, 2005) with indirect infection being most common below this temperature 
and direct infection dominating above 15°C. At germination the sporangia and 
zoospores form germ tubes and infect by the formation of appressoria and 
penetration pegs. After penetration an infection vesicle is formed and the hyphae 
will grow both inter- and intracellulary and develop haustoria to extract nutrients 
from within the cells of the host and thus destroy the plant tissue (Grenville-Briggs 
& van West, 2005). After a latent period as short as 3 days (Flier & Turkensteen, 
1999; Carlisle et al., 2002) new sporangia are formed and spread to infect new 
plants. The fast and efficient spread, infection and colonization of the host plant 
gives the potential of destroying all above ground parts of a crop within a week. 
Depending on when this happens in the crop development cycle, the result can be 
very serious quantitative yield losses. The potato tubers can also be infected if 
sporangia are rinsed off the haulm down into the soil (de Bary, 1876; Lacey, 1965; 
Andrivon, 1995). Tuber infection will reduce the quality of the harvest and if a 
large proportion of the tubers are infected it can result in total crop loss. Another 
very important aspect of this is that infected tubers can function as inoculum 
sources for late blight epidemics the following season. 
 
P. infestans has two mating types designated A1 and A2, and can usually undergo 
sexual reproduction only if both mating types are present. Self fertile isolates of P. 
infestans can be found, but their role and importance is not fully understood 
(Smart  et al., 1998). In addition to the increased genetic variation by 
recombination, sexual reproduction also gives the pathogen the possibility of 
surviving between seasons in the soil in the form of oospores. 
 
Origin of P. infestans 
It is believed by most researchers that P. infestans originates from the Mexican 
highlands.  Originally, it was only here that both mating types could be found and 
at a 1:1 ratio. The population of P. infestans in this area has been found to be very 
diverse, both phenotypically and genetically (Goodwin & Drenth, 1997; Grünwald 
et al., 2001). Also, the numerous native Solanaceae species resistant to P. 
infestans found in Central Mexico indicates that this area is the region of origin of 
the pathogen (Niederhauser, 1991). However, based on studies of mitochondrial 
and nuclear loci it has been suggested that P. infestans has its origin in the Andean 
parts of South America (Gómez-Alpizar, Carbone & Ristaino, 2006). 
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The “old late blight” 
The Irish potato famine 
The potato was introduced in Europe in the 16
th century. Although the potato had 
suffered some problems with diseases it was regarded as a reliable crop, but in 
1845 a new unknown disease made its arrival, killing the haulm and destroying the 
tubers in the fields. The dramatic appearance of the “potato murrain” (as the 
disease was called) in Europe resulted in human despair in many countries such as 
The Netherlands, Switzerland and France, but the consequences of the disease in 
Ireland were by far the worst. The Irish cottagers were more or less completely 
dependent on the potato to produce a subsistence diet on their small plots of land. 
During 1845 – 1850 the Irish potato harvest shrunk to almost nothing due to direct 
damage and lack of seed caused by the blight. The loss of the potato crop resulted 
in famine and the death of more than 1 million persons. This in turn caused a wave 
of immigration of 1.2 million Irish, primarily to USA (Eriksson, 1916; Large, 
1946; Salaman, 1949; Bourke, 1991; Turner, 2005). The Irish population is to this 
day not as big as it was before “The Potato Famine”. 
 
It has been suggested that P. infestans reached Europe directly from Mexico 
(Andrivon, 1996) or by way of the United States (Fry et al., 1993; Goodwin, 
1994). The P. infestans population in Europe was until recently characterized by 
low genetic variation caused by founder effects by the introduction of a few 
“individuals”. By seed trade these clonal lineages were then spread worldwide 
(Fry et al., 1993).  
 
The cause of the potato murrain 
The outbreak of the potato blight was followed by a long and heated discussion 
about the cause of the disease and how it could be controlled. The wet summer of 
1845 and deterioration of the potato due to vegetative propagation were first 
considered as the reasons behind the disease. Other proposed explanations for the 
cause of the blight ranged from industrial pollution or gases from sulphur matches 
to contaminants from outer space. Interestingly, the true origin of the disease was 
proposed already in the autumn of 1845 in Belgian newspapers. It was reported by 
several authors that they had observed a fungus of the Botrytis family in diseased 
potato leaves, and they claimed this was the cause of the blight. Furthermore, 
some of these early publications also suggested removal of infected foliage as a 
mean of control (Bourke, 1991). Even though the fungal theory had strong 
advocates such as Miles J. Berkeley in England and Charles Morren in Belgium 
(Large, 1946) it had by the end of 1847 lost most of its supporters and it was 
believed that the observed fungus was a consequence of the disease and not the 
cause. A fungal origin of the disease received new and strong support when Anton 
de Bary published his findings in 1861 and 1863. In two papers he described the 
life cycle of Peronospora infestans, as the blight fungus now had been classified. 
He reported having infected healthy potato leaves with spores and followed the 
infection process and the ensuing production of new spores. By burying healthy   12
tubers in soil and shaking blighted potato haulm over them and watering he 
showed that the spores could be washed down into the soil and infect the tubers. 
He also put the blight fungus in a new genus, Phytophthora in the Peronosporacea 
family (de Bary, 1876; Large 1946). In some ways, the work on potato late blight 
by pioneers such as Berkeley and de Bary laid the foundation for the modern 
science of plant pathology, where micro-organisms were recognized as the cause 
of disease in plants, and were not merely present as part of the decay process 
(Whetzel, 1918). 
 
One thing that was still not resolved was the overwintering of the fungus. Three 
main hypotheses were put forward: (1) the mycelia survived as a saprophyte, (2) 
the mycelia survived in infected tubers; (3) oospores functioned as survival 
organs. de Bary argued in 1861 that P.infestans survived as living mycelia in 
tubers. These infected tubers would survive the winter in the field or in storage 
and give rise to infected plants the following season (de Bary, 1876). However, 
the matter of overwintering of P. infestans in tubers was under much debate for 
several decades. Even though de Bary (1876) showed that P. infestans could grow 
from diseased tubers into sprouts it proved difficult to find plants infected from 
tubers in the field (Hirst, 1955). By detailed investigations under field conditions it 
was shown by Hirst (1955; 1960) and van der Zaag, (1956) that the proportion of 
infected plants emerging from infected tubers was very low. They also showed 
that very few infected plants were required to start a late blight epidemic. 
 
The “potato disease” in Sweden 
Potato was introduced in Sweden in the beginning of the 1700s. As in many 
European countries the potato crop was treated with much suspicion and used 
primarily for animal feed. The establishment of the potato as a human staple food 
was aided by Swedish soldiers returning from the Pomeranian War (1757-1762) 
during which they had learnt to grow and appreciate potato (Westrin, 1915). From 
the beginning of the 1800s the cultivation of potato in Sweden increased and 
reached a peak around the year 1900 with 150 000 ha. The current figure (2007) is 
around 30 000 ha. 
 
The potato disease reached Sweden in the autumn of 1845 and caused damage 
particularly in the south and southwest parts of the country. Surveys were initiated 
already the same year by the Royal Academy of Agricultural Sciences. Renowned 
mycologists were sent out to different parts of the country to determine the 
distribution and damage of the disease. In addition to this a questionnaire, 
“Question on the Potato-disease” was sent to The Rural Economy and Agricultural 
Societies in important agriculture areas. The outcome of these efforts was collated 
and presented to The Royal Academy of Agricultural Sciences in a report 
(Wahlberg, 1847). In this report many international theories of the cause of the 
disease were presented. However, it was concluded that it was very difficult to 
ascertain the true cause of the disease.  Factors such as wet weather, poor seed 
health and excessive use of non-composted manure were suggested to have 
contributed to the appearance of the disease. A fungal origin of the disease was   13
dismissed by the author. He did not believe that the diseased foliage and visible 
symptoms on the tubers had the same cause, and argued that the disease over-
wintered in seemingly healthy tubers. Just like in the rest of Europe fungi were 
believed to be a result rather than a cause of the potato disease. The degeneration 
of the potato crop by clonal propagation was put forward as the true cause of the 
potato plague by the most prominent mycologist in Sweden at that time, Professor 
E. Fries (Fries, 1845).  
 
The search for oospores 
Observations made by de Bary on other Peronosporales species showed the ability 
of this family of fungi to produce sexual spores, so called oospores. de Bary and 
his followers tried to find oospores of Phytophthora infestans in leaves killed by 
blight and in infected tubers for decades without success (de Bary, 1876; Large 
1946; Turner, 2005). 
 
In the late 1800s several advances were made in the handling of microorganism 
under laboratory conditions. One important example of this is the development of 
artificial media suitable for fungal culturing (Large, 1946). These new media 
enabled new ways of maintaining and studying P. infestans. One of the results of 
this was reports of oospore formation in the beginning of the last century (Jones, 
1909; Jones & Giddings, 1909; Clinton, 1911). Common for these reports is that 
the oospore formation was observed when P. infestans was cultured on specific 
media (oat or lima bean) and that it was more common in old cultures. Also, the 
number of formed oospores was usually very low.  Clinton (1909) also reported 
that other Phytophthora species were able to induce oospore formation in P. 
infestans. These reports have been disputed by Goodwin & Drenth (1997) as 
observations of other oomycetes or not truly sexually formed oospores of P. 
infestans. 
 
Male and female mycelial strains in P. infestans had been discussed (Clinton, 
1911; Eriksson, 1916), but the heterothallic nature of the pathogen was resolved 
by Smooth et al. (1958) and Gallegly & Galindo (1958). They found two mating 
types which they designated A1 and A2. These were able to form oospores when 
grown together with isolates of the opposite mating type. It was later suggested 
that hormones were responsible for inducing the formation of sexual organs 
(antheridia and oogonia) in P. infestans (Ko, 1988). However, self fertile isolates 
in P. infestans are not uncommon (Tantius et al., 1986; Goodwin & Drenth, 1997, 
Smart  et al., 1998). In Swedish isolates of P. infestans the proportion of self 
fertility has been found to be around 2-3 % (ca 1200 isolates, Andersson & 
Sandström, unpublished data). The possible importance of oospores formed by 
self fertile isolates is not clear.   14
The “new late blight” 
New migrations of P. infestans - population shifts 
Smoot et al. (1958) included isolates from the United States, Canada, western 
Europe, South Africa, the West Indies (105 isolates) and Mexico (4 isolates) in 
their studies of mating types of P. infestans. They discovered that all isolates were 
of the A1 mating type, except for some isolates from Mexico which were of the 
A2 mating type. In a further study of 95 Mexican P. infestans isolates it was found 
that the two mating types were found in an about 1:1 ratio (Gallegly & Galindo, 
1958). It was also shown that oospores were formed in potato leaves under field 
conditions in Mexico. The heterothallic nature and the fact that only one mating 
type of P. infestans could be found outside Mexico gave the answer to the old 
question as to why oospores of P. infestans had only been sparsely found, mostly 
under artificial conditions by blight researchers in Europe and the United States. 
 
The appearance of the A2 mating type of P. infestans in Europe was reported in 
1984 (Hohl & Iselin, 1984). This set off mating type surveys all over the world 
and was soon followed by reports showing that the A2 mating type had spread not 
only to Europe but worldwide (e. g. Malcolmson, 1985; Shaw et al., 1985; Tantius 
et al., 1986; Kadir & Umaerus, 1987; Mosa et al., 1989). Like the epidemics of the 
1840s, this worldwide appearance of the A2 mating type in the 1980s has been 
explained by migration. There are reports of shipping of large quantities potato in 
the mid 1970s to Europe from regions in Mexico where the A2 mating type is 
common (Niederhauser, 1991). Although alternative explanations to migration for 
the worldwide appearance of the A2 mating type outside Mexico have been put 
forward (Ko, 1994) convincing support for the migration hypothesis has been 
supplied by genetic studies showing that the first detection of A2 coincides with 
the appearance of new alleles at different loci (Goodwin & Drenth, 1994). 
Examples of this are studies of isozyme variation (Spielman et al., 1991) and 
RLFP DNA fingerprinting (RG-57) (Drenth et al., 1994) that showed a marked 
increase in variation when comparing isolates sampled before respectively after 
the early 1980s. This change was also evident in a shift in the frequency of 
virulence factors (Drenth et al., 1994). 
 
Griffith & Shaw (1998) showed that the mitochondrial haplotype Ib was 
associated with the A1 mating type, isozyme genotypes Gpi-1 86/100 and Pep-1 
92/100 and the multilocus RG57 fingerprint of the clonal linage US-1, all of which 
associated haplotype Ib with the old population of P. infestans. Later studies of 
herbarium material have suggested that Ib was not predominant in the European 
and US P. infestans populations in the 1800s. However, in isolates sampled from 
1950 to 1970 the Ib haplotypes is common, implying that migrations could have 
taken place also between the 1840s and 1970s (May & Ristaino, 2004). 
 
A Pan-European survey on P. infestans has been conducted in the EU Concerted 
Action ”Eucablight” (www.eucablight.org). In this project, data on different 
characteristics of P. infestans have been collated in a database covering most of   15
North and middle Europe (Cooke et al., 2006). The database contains data on 
phenotypic and genotypic traits and at present especially data on mating type is 
very well represented. On a European scale it appears that high proportions of the 
A2 mating type are mainly found in the Nordic countries and in continental 
Europe, which are areas with cold winters. In a cold climate, dump piles and 
volunteer plants will be of less importance compared to areas with mild winters 
making oospore derived inoculum relatively more important. Frozen soil during 
winter will also conserve the oospores and synchronize a germination peak with 
the potato planting in the spring (Widmark et al., 2007). Sexual reproduction and 
oospores acting as primary inoculum should create a more even distribution of the 
mating types compared to more clonal populations (Smart el al, 1998) and this 
could explain the differences in mating type distribution in Europe. However, 
there is a recent trend toward a more even distribution of the mating types also in 
areas where the A2 mating type used to constitute a small proportion of the P. 
infestans population (Détourné et al., 2006). 
 
Asexual vs. sexual reproduction in P. infestans 
The coexistence of both mating types enables formation of oospores under field 
conditions. The formation of oospores turns P. infestans into a soil borne 
pathogen. An additional infection source giving early infections located low in the 
crop where they are difficult to control can have a definite epidemiological effect 
on late blight. There are a number of reports of oospore formation under field 
conditions from different European countries, Germany (Götz, 1991), The 
Netherlands (Drenth et al., 1993), UK (Hanson & Shattock, 1998) and the Nordic 
countries (Andersson et al., 1998; Dahlberg, 2001; Dahlberg et al., 2002; Lehtinen 
& Hannukkala, 2004). The quantitative importance of oospores for initiating 
epidemics of P. infestans is not clear. It is not possible to distinguish infections 
originating from infected tubers from oospore derived infections by the disease 
symptoms. There are however, some characteristics of epidemics that indicate that 
oospores serve as primary inoculum of P. infestans. Such indications can be that 
the spatial distribution of infection foci in a field corresponds with infections in 
the previous potato crop (Andersson, Sandström & Strömberg, 1998a, 
Turkensteen et al., 2000), both mating types are present within a field early in the 
epidemic (Drenth, 1995) or first lesions appear low in the crop, particularly on 
leaves touching the soil (Lehtinen & Hannukkala, 2004).  
 
Despite being restricted to asexual reproduction, P. infestans was able to form 
different clonal lineages that could infect potato cultivars with race specific 
resistance and develop fungicide resistance. Asexual reproduction will maintain 
and multiply successful genotypes, and with an effective system of reproduction 
and spread like in P. infestans any genotype that has some kind of advantage in 
relation to other genotypes will be selected and might quickly come to dominate a 
population. Sexual recombination will result in an increased genetic variation, and 
will allow for selection to act on individual genetic traits, unlike asexual 
reproduction that only can act upon the entire genetic makeup of an organism. 
This enables sexual recombination to separate harmful mutations from beneficial 
ones and to combine beneficial mutations from separate ancestries. The   16
combination of sexual recombination (new genotypes) and clonal propagation 
(maintain and spread of successful genotypes) will further enhance the 
evolutionary potential of P. infestans (McDonald & Linde, 2002).  
 
 
Studies of P. infestans in Sweden and the Nordic 
countries 
In the late 1980’s and early 1990 there were several observations of 
”unexplainable” late blight infections in both commercial and experimental fields 
in Sweden. These reports were characterized by observations of very early 
infections, first observation of late blight in the same location in field as infections 
in the previous potato crop and a spatial distribution of the disease foci within the 
field which could not be explained by tuber borne inoculum.  
 
Mating type distribution 
The changed behaviour of late blight indicated that oospores were a new source of 
inoculum of P. infestans, and as a consequence surveys of the mating type 
incidence and distribution were initiated (Andersson, Sandström & Strömberg, 
1998b; Sandström & Andersson, 1998a; Sandström & Andersson, 1998b; 
Andersson & Sandström, 1999; Andersson, Sandström & Yuen; 1999; Andersson 
& Sandström, 2000; Andersson & Strömberg, 2001). The results of these 
investigations showed that both mating types were present, that they were evenly 
distributed all over Sweden and that they could often be found within the same 
field (Figure 1). Overall about 1200 isolates were sampled in 1998-2003 showing 
a close to 1:1 ratio of the A1 and A2 mating types. Also in Finland and Norway 
surveys on mating type were done (Brurberg et al., 1999; Hermansen et al., 2000). 
These surveys showed a high proportion of the A2 mating type in some regions of 
these two countries. Contrary to the Swedish results with more or less even mating 
type distribution all over Sweden no isolates of the A2 mating type were sampled 
in the northern parts of Finland and Norway. 
 
Oospore formation by P. infestans 
During the summer of 2001 formation of oospores in untreated organic potato 
field was investigated in Sweden. About 40 fields in south Sweden were surveyed. 
Leaves with more than one lesion were collected 1 – 2 weeks after first symptoms 
of late blight were observed. The samples were frozen and later checked under the 
dissecting microscope. Formation of oospores was observed in 1/3 of the fields 
(Dahlberg, 2001). In 2002, leaf samples were collected in mid Sweden in the same 
way as in 2001.  In this survey sampling was done about 4 weeks after the first 
infections of late blight, and here almost all surveyed fields showed oospore 
formation (Hjelm, 2003). This indicates that oospore formation is common in non-
fungicide treated Swedish potato fields left standing with late blight for longer 
periods of time. However, later similar surveys have shown large differences in 
oospore formation between years.   17
 
Figure 1. Distribution of mating types of P. infestans in Sweden 1998. Each point represents 
a single sampled field 
 
Oospore surveys done in Norway have shown formation of oospores after 
incubation of field leaf samples. Only few samples showed oospores without 
incubation (Dahlberg et al., 2002). In Finland infected leaves and stems were 
sampled in blight foci occurring early in fields where blight had been present in 
previous potato crops. After incubation oospore formation was observed in the 
leaf samples. In some of the stem samples oospores were present without 
incubation showing that formation could take place also under field conditions 
(Lehtinen & Hannukkala, 2004). 
   18
Soil borne inoculum of P. infestans 
Early potato has been produced in the Kullen and Bjäre regions in Southwest 
Sweden since the early 1900s. Some fields have been used for early potato 
production every year for 50 years or more. Late blight was previously not 
considered a problem since the potato was harvested in May and June before the 
blight appeared. However, since the early 1990s fields with late blight have been 
found. The early potato is grown under fleece and the symptoms were observed as 
soon as the cover was removed. The infections could be very severe with plants 
completely killed by blight. In some fields disease foci could be found in the same 
location from year to year indicating a soil borne inoculum source. 
 
The first more solid indication of oospores functioning as primary inoculum of P. 
infestans in Sweden came from a potato trial located at Ultuna, Uppsala during 
1996. Two years earlier, in 1994, a potato field trial was inoculated with P. 
infestans isolates of different origin. The resulting epidemic of late blight was very 
severe, and at the last blight assessment the untreated plots in the trial were 
completely killed by blight. In the areas treated with the highest amounts of 
fungicides about 0 – 0.1% of the leaf area was infected by blight, see figure 2. 
Tuber samples taken in different plots in the trials showed 40 – 50% infected 
tubers in the plots with the most severe blight infection, and about 1 – 3% infected 
tubers in the plots with low levels of blight on the haulm. The haulm and the 
tubers were left in the field and ploughed under. In 1996 a similar trial was 
established in the same field, partly overlapping the trial from 1994. Just two 
weeks after emergence heavy infections of late blight were observed with plants in 
some areas completely killed by blight (Figure 2). The infection foci in this trial 
corresponded almost perfectly with the infections in the 1994 trial. This is a clear 
and strong indication of soil borne inoculum (Andersson et al., 1998 [Paper I]) 
 
Another approach to determine the source of the primary inoculum was taken by a 
genotype distribution study done of isolates collected in discrete infection foci in 
single field located in southwest Sweden (Widmark et al., 2007 [Paper II]). 
Mitochondrial DNA haplotype, mating type and SSR-genotype were determined 
and it was shown that some foci were monomorphic for all markers, while other 
foci displayed a large proportion of unique genotypes (Figure 3). This was 
interpreted as evidence that inoculum had come from both tubers and oospores 
within this field.  
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Figure 2. Aerial photograph of the potato trial at Uppsala 1996 and close up of areas 
heavily affected by late blight. Rectangle in black shows the location of a late blight trial in 
1994. 
 
 
 
Figure 3. Aerial photograph of the sampled field in southwest Sweden in 2001 with SSR-
genotypes of P. infestans in the different foci indicated by colours. 
© Lantmäteriverket Gävle 2006. Permission I 2006/1046 
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The number of years between susceptible crops in the crop rotation is very 
important when dealing with soil borne inoculum. Hence, the longevity of 
oospores in the soil is of fundamental importance for their role as inoculum. The 
observations from the trial in Ultuna 1996 showed that oospore can survive at least 
two winters under Swedish conditions. Dutch results showed a survival under field 
conditions of up to 4 years (Turkensteen et al., 2000). Fernandez-Pavia et al. 
(2004) reported a survival of two years in Mexico, but observed a decline in 
vitality and infectivity in the oospores. In an artificially inoculated field trial in 
Uppsala soil samples were collected 1, 7, 10 and 18 month after harvest. After up 
to 10 months P. infestans could be isolated with a baiting method developed by 
Drenth  et al. (1995). Samples taken after 18 month yielded no new isolates   
(Sandström & Andersson, unpublished data).  Lehtinen & Hannukkala (2004) 
used the same baiting method to determine oospore occurrence in soil. From soil 
samples taken in 16 infection foci only 3 were infective, but the results indicated 
that oospores could survive in the soil to the next growing season. However, 
results from the baiting method used here have proven hard to reproduce, probably 
due to low sensitivity (Lehtinen & Hannukkala, 2004). There are several 
suggested ways of improving the sensitivity – freezing/thawing, treatment with 
KMnO4 (Chang & Ko, 1991), different incubation temperatures and incubation 
under different light regimes. None of these have in our experience resulted in any 
marked improvement of the performance of the method (Hjelm, 2003). 
 
To compare different inoculum sources of P. infestans under natural conditions 
field trials were established in 1999 and 2001. Oospores produced artificially in 
potato leaves were used to infest the soil in plots which were planted with healthy 
seed tubers. In other plots artificially infected seed tubers and healthy seed tubers 
were planted in soil free of oospores. The trials were monitored for first 
occurrence of late blight. The results indicated that oospores could function as 
inoculum and that they gave earlier infections than inoculum coming from infected 
seed tubers or from sources outside the field (Yuen & Andersson, unpublished 
data). 
 
The importance of the crop rotation for the date of first incidence of late blight has 
been demonstrated in a Danish field survey. This survey showed that a short 
interval (1 – 2 years) between the potato crops in a field resulted in earlier 
occurrence of late blight compared to fields where potato was grown with longer 
intervals (Bødker et al., 2006). A more elaborate long term study in Finland 
showed that the epidemic onset was 9 days earlier in fields were potato was grown 
after potato as compared to fields with alternate crops between the potato crops 
(Hannukkala et al., 2007).   
 
Genetic diversity 
Drenth  et al. (1994) showed in the beginning of the 1990’s that sexual 
reproduction of P. infestans took place in the Netherlands and that the genetic 
diversity had increased after 1979. Studies based on mating type and RFLP (RG-
57) of Norwegian and Finnish isolates collected in 1992-96 revealed a large   21
genetic diversity, and this was interpreted as an indication that sexual reproduction 
was contributing to the genetic variation of P. infestans in the Nordic countries 
(Brurberg et al., 1999).  
 
A population study based on mating types, mitochondrial DNA haplotype and 
AFLP-genotype conducted on isolates sampled in 1999 from Denmark, Sweden, 
Finland and Norway confirmed that the genetic and genotypic diversity was high 
within the four countries with small differences between the countries. The 
isolates in the investigation were taken from fields where oospore derived 
infections could be suspected. The absence of any real population structure and the 
large variation among and within disease foci in the same field all points towards 
oospores functioning as a inoculum source in Nordic potato fields (Andersson et 
al., [Paper III]). A within field study was done in an early potato field in southwest 
Sweden.  The genotypic diversity was determined in isolates sampled from 
discrete late blight foci ranging in size from 3-4 m
2 (Widmark et al., 2007 [Paper 
II]). In total 61 sampled isolates yielded 14 multilocus SSR genotypes. The 
genotypic variation varied between the disease foci. As a measure of the genotypic 
variation the normalized Shannon index was calculated. This index gives a value 
of 0 if all isolates are of the same genotype and a value of 1 if all isolates are 
unique genotypes. Within this single field the Shannon index varied from 0 to 0.67 
in the individual disease foci displaying high variation in diversity even at this 
spatial scale.   
 
Epidemiological studies 
The control of late blight demands frequent, repeated fungicides applications, and 
as a direct consequence of this the use of pesticides is high in potato compared to 
other agricultural crops. Despite the introduction of more effective fungicides and 
improvements in the application technique the problems of controlling late blight 
are growing. This is reflected in an increase of the number of fungicide 
applications used against late blight. In south Sweden this number has more than 
doubled during the last 20 – 30 years. 
 
Nonetheless, late blight is considered to be more aggressive; the epidemics start 
earlier, the disease develop faster in the potato fields and the resistance to late 
blight in the cultivars is not as effective as it used to be. P. infestans has also been 
able to infect alternative hosts. There are reports of infection on several Solanum 
spieces, eg. black nightshade (Solanum nigrum) (Flier, van der Bosch & 
Turkensteen, 2003) bittersweet (S. dulcamara) (Cooke et al., 2002). In Sweden 
hairy (green) night shade (S. physalifolium) has proven to be very susceptible to 
late blight and able to sustain production of oospores (Andersson et al., 2003) 
(Figure 4). 
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Figure 4. Infection of P. infestans and oospore formed in Solanum physalifolium 
 
The strong weather dependency of late blight has been used as a basis for different 
types of models to determine how to control the disease with fungicides as 
effectively as possible. These models or systems calculate how favourable the 
conditions for disease development are based mainly on observations of 
temperature, relative humidity and precipitation. There are many such examples of 
such late blight management systems (e.g. Smith, 1956; Ullrich & Schrödter, 
1966; Krause et al., 1975; Hansen et al., 1995; 1996). Such so called decision 
support systems (DSS) have the potential of reducing the input of fungicides while 
maintaining an acceptable control level. The Negfry-system (Hansen et al., 1995; 
1996) has been tested in the Nordic countries with good results (Figure 5). 
 
 
 
Figure 5. Leaf area affected by late blight and corresponding number of treatments using 
different treatment regimes in Swedish DSS validation trials of the Negfry-system. 
Treatments designated with the same letter are not significantly different (p=0.05) within 
variety category. 
 
However, these systems were all designed and validated against the old population 
of P. infestans. Changes in the pathogen biology with regards to critical factors 
such as temperature optima or infection efficiency can have significant effects on 
the validity of the output from these management systems. To maintain an 
acceptable system performance it is necessary to have both qualitative and 
quantitative knowledge about changes in pathogen behaviour.  
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In 2003, a joint Nordic project (NorPhyt, www.planteinfo.dk/lbnordic/) was 
initiated to study the epidemiology of the Nordic P. infestans populations. The aim 
was to collect data of the variability of the behaviour of late blight in Denmark, 
Finland, Norway and Sweden. In the project about 900 isolates were sampled to 
obtain as good geographical coverage of the participating countries as possible. To 
achieve this, a small number of isolates per field were collected from a large 
number of fields. 
 
Of the collected isolates 25 were chosen per country. These 100 isolates were used 
in an aggressiveness study. The isolates were compared for infection efficiency, 
lesion growth, sporulation and latency period at 100 % relative humidity and 
15 ˚C. All parameters were determined on two cultivars with different levels of 
late blight resistance, Bintje (susceptible) and Matilda (moderately resistant) 
(Lehtinen et al. MS [Paper IV]). The use of two cultivars with different levels of 
resistance to P. infestans was meant to improve the differentiation of the results. 
However, little differences in aggressiveness were found between the countries. 
As a whole the Nordic population of P. infestans tested in this investigations 
proved to be moderately aggressive compared to other similar European studies 
(Flier & Turkensteen, 1999; Carlisle et al., 2002; Lebreton et al., 1999). 
 
Based on the laboratory results three isolates with different levels of 
aggressiveness were selected. These isolates were used to inoculate small plot 
field trials to see how well the laboratory results correlate to the behaviour of the 
isolates under field conditions. The results from the field trials demonstrated that 
there are big differences in the aggressiveness of different isolates under field 
conditions (Figure 6), and that the level of aggressiveness determined under 
controlled conditions correlated to this.  
 
A  B
Figure 6. Plots of cv. Bintje within the same field inoculated with an aggressive isolate (A) 
and a “weak” isolate (B) of P. infestans 10 days after inoculation. 
 
The same three isolates have also been used for climate chamber experiments 
where the parameters mentioned above have been determined at several different 
temperatures and humidity levels. These experiments have demonstrated large 
differences in sporulation and lesion growth at lower temperatures (Hansen et al., 
2006).   24
In the Norphyt collection of isolates a selection was tested for mating type, 
virulence (the ability to infect cultivars with different race specific resistance, R-
genes), fungicide resistance (ability to infect at different dosages of fungicide). 
Both mating type ratio (near 1:1) and the common occurrence of both mating type 
within the same field indicates sexual reproduction. Resistance to fungicides 
(metalaxyl-M and propamocarb) was found in a relatively small proportion of the 
isolate, which could be expected considering that the isolates were collected early 
in the season. The virulence tests showed a large complexity in the virulence 
spectra in most tested isolates. Virulence to all R-genes except R9 was found 
(Lehtinen et al. [Paper IV]).  
 
 
Concluding remarks 
The Swedish potato growers are experiencing increasing difficulties to control late 
blight in their fields. The increase in aggressiveness of late blight has been going 
on for the last decades and there are no indications of this trend levelling off. As a 
result of this the already intense use of pesticide in potato is increasing even 
further. This is a threat to consumer opinion of potato as a healthy staple food and 
could result in a decrease in potato consumption. What then is the cause of the 
growing problems with late blight? The interaction between P. infestans, host 
plants and abiotic factors such as weather is very complex. By studying different 
aspects of the late blight complex we have tried to get a better understanding of 
why late blight is an increasing problem for the potato growers. 
 
Our results indicate that sexual reproduction is common in P. infestans in Sweden. 
The facts that both mating types are found all over the country in near 1:1 
proportions and that oospores are commonly formed in field crops and serve as 
inoculum under field conditions support this. Also, studies of the genetic diversity 
imply that sexual reproduction influences the population structure of P. infestans 
in Sweden and the Nordic region as a whole. Sexual reproduction in P. infestans 
could result in an enhanced capability of the pathogen to adapt to different factors, 
e. g. weather, cultivar resistance, chemical control or other cultivation measures. 
This might manifest itself in earlier infections and a disease that spreads faster in 
the field.  
 
Formation of oospores under field conditions is common in Sweden, at least in 
untreated potato crops. Despite this, all experience suggests that oospores are of 
less quantitative importance compared to infected seed under Swedish conditions. 
Early occurrence of late blight as a direct consequence of oospores in the soil in 
commercial potato production in Sweden seems to be rather rare. Apart from 
fields with more or less monoculture of potato and field trials the reports of 
oospore derived late blight have until now been few. It has proven difficult to 
study the longevity of oospores of P. infestans under natural conditions, but the 
collective results points to a relatively short survival. A crop rotation with 3- 4 
years between the potato crops as recommended to manage other diseases and   25
pests in potato appears to be sufficient to keep soil borne inoculum of P. infestans 
under control. 
 
However, the genetic diversity in the P. infestans population implies that sexual 
recombination plays an important role at all spatial scales from the entire Nordic 
region down to single fields. It is possible that oospores can either infect crops all 
during the season or germinate in leaves and stems directly after formation and in 
this way continuously supply the population with new genotypes. This would 
mean that soil borne inoculum (oospores) surviving the winter would not be the 
only way of introducing new genotypes and could be an explanation for a 
genetically diverse population of P. infestans despite the low number of fields 
with suspected oospore derived epidemics. 
 
Another possible explanation for potato late blight becoming a plant disease ever 
more difficult to control is that the ongoing climate change has made the weather 
more favourable for late blight. Even small differences in temperature and 
humidity have effects on how the disease behaves in the field. The large variation 
between different years and different locations is a demonstration of this. A long 
term study of late blight in Finland has shown that changes in the climate towards 
more rain and higher temperatures during the growing season have had an effect 
on the occurrence of the disease (Hannukkala et al., 2007). Computer models to 
describe occurrence and development of plant diseases are excellent tools when 
studying how biological changes in the pathogen/host or in abiotic factors as 
climate will affect the behaviour of a plant disease. Such a model for simulation of 
development of late blight has been developed by Bruhn & Fry (1981). This 
model has later been further developed (Andrade-Piedra et al. 2005a, 2005b) to 
the so called LB2004 model. This model is driven by data on temperature and 
relative humidity and based on this describes the development of late blight in the 
crop. Examples of model output are apparent infection rate (r) and the amount of 
late blight in the crop at a given time (AUDPC, area under the disease progress 
curve). Based on the results from the NorPhyt-project validation of the LB2004 
model has been carried out with promising results. A thoroughly validated and 
relevant model can be used to test different scenarios to make both quantitative 
and qualitative estimates of the cause behind the epidemiological changes in 
potato late blight. 
 
Even though potato late blight is the most extensively studied plant disease there is 
still much to learn. I believe that the way to further extend our knowledge of this 
elusive and fascinating plant pathogen is to take a multidisciplinary approach. 
Combining molecular genetics with classic epidemiological studies and simulation 
modelling, and to work parallel in the laboratory, with the computer and in the 
field is the only way to really get to grips with the “Potato Murrain”.   26
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